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ABSTRACT
Interstitial fluid flow (IFF) has been widely hypothesized to mediate skeletal adaptation to mechanical loading. Although a large body of
in vitro evidence has demonstrated that fluid flow stimulates osteogenic and antiresorptive responses in bone cells, there is much less in
vivo evidence that IFF mediates loading-induced skeletal adaptation. This is due in large part to the challenges associated with
decoupling IFF from matrix strain. In this study we describe a novel microfluidic system for generating dynamic intramedullary pressure
(ImP) and IFF within the femurs of alert mice. By quantifying fluorescence recovery after photobleaching (FRAP) within individual
lacunae,weshowthatmicrofluidicgenerationofdynamicImPsignificantlyincreasesIFFwithinthelacunocanalicularsystem.Inaddition,
we demonstrate that dynamic pressure loading of the intramedullary compartment for 3 minutes per day significantly eliminates losses
in trabecular and cortical bone mineral density in hindlimb suspended mice, enhances trabecular and cortical structural integrity, and
increases endosteal bone formation rate. Unlike previously developed modalities for enhancing IFF in vivo, this is the first model that
allows direct and dynamic modulation of ImP and skeletal IFF within mice. Given the large number of genetic tools for manipulating the
mouse genome, this model is expected to serve as a powerful investigative tool in elucidating the role of IFF in skeletal adaptation to
mechanical loading and molecular mechanisms mediating this process.  2010 American Society for Bone and Mineral Research.
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Introduction
B
one is well established to be a mechanosensitive organ that
alters its structure to suit its mechanical environment. Owing
to the strong anabolic potential of mechanical loading and its
role as one of the primary natural factors governing bone
strength,
(1) the skeletal mechanotransduction pathway is
recognized as a strong potential target for the development
of pharmacologic and/or biomechanical therapies for bone loss.
However, the development of such treatments requires a better
understanding of the physical signal(s) driving loading-induced
adaptation and the cellular and molecular mechanisms mediat-
ing this process.
Although the process by which mechanotransduction occurs
inboneislargelyunknown,agrowingbodyofevidencesuggests
that adaptation to mechanical loading is mediated by skeletal
interstitial fluid flow (IFF), which is altered under conditions of
loading or disuse.
(2) For example, deformation gradients within
the tissue give rise to local pressure gradients within the matrix
that drive IFF through the lacunocanalicular system, subjecting
osteocytes to enhanced IFF.
(2,3) If the pressure gradients are
localized near the endosteal surface, mechanical loading is also
likely to drive fluid flow through the endosteal surface,
(4,5)
exposing surface-lining cells to flow. In addition, IFF is generated
through elevations in intramedullary pressure (ImP) associated
with mechanical loading and/or habitual activity.
(6) Increases in
ImP may be induced by deformations in the matrix that result in
volumetric decreasesin the intramedullary cavity
(6) or interactive
effects between muscle activity and capillary filtration in bone
tissue.
(7,8) Such increases in ImP are expected to expose cells on
the bone surface and within the tissue to enhanced IFF.
A large body of in vitro evidence has accumulated over the
past two decades indicating that fluid flow induces a variety of
responses supporting bone formation and/or inhibiting resorp-
tion in bone cells.
(9–20) In contrast, there is much less in vivo
evidence demonstrating that IFF mediates skeletal adaptation to
mechanical loading.
(21) This lack of in vivo evidence is due in
large parttothetechnicalchallengesassociatedwithdecoupling
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1798IFF from matrix strain.
(21) For example, although several models
aimed at decoupling IFF from tissue deformation have been
developed,
(21–25) no model currently exists for dynamically
modulating IFF in the absence of significant matrix strain within
mice, which are the primary animal model for investigating the
genetic contributions to skeletal mechanotransduction.
(26)
Indeed, the difficulties in decoupling IFF from matrix strain
are exacerbated by the relatively small murine skeleton, which
makes manipulation of the microscopic skeletal fluid spaces
extremely challenging.
Overcoming these technical challenges in the development of
a modality that decouples IFF from matrix strain within mice
would advance our understanding of IFF-mediated skeletal
adaptation in a number of ways. For example, such a modality
would greatly facilitate the elucidation of specific molecular
mechanisms activated by IFF in vivo by allowing for the
investigation of the effects of altered gene expression in
transgenic, total knockout, and/or conditional knockout mice. In
addition, comparative analyses of the differential mechanosen-
sitivity in inbred
(27) or congenic
(28) mouse strains may be used to
elucidate genetic factors controlling responses to IFF. Finally,
several well-established models for investigating skeletal
adaptation to mechanical loading/unloading have been devel-
opedspecificallyforrodents
(26,29)andmaybeusedtoinvestigate
the effects of enhanced IFF against a background of altered
mechanical loading. In particular, the rodent hindlimb-suspen-
sion model is one of the most well-established models of
unloading-induced bone loss.
(26) Thus the capacity to modulate
IFF within mice would allow for the potential investigation of the
protective effects of IFF in a model that mimics the loss that
occurs under a variety of conditions, including paralysis,
prolonged bed rest, and space flight.
(30)
In this study, our first goal was to develop a microfluidic
system for enhancing IFF within the mouse femur. Specifically,
we sought to develop a modality for dynamic microfluidic
delivery of fluid into the intramedullary compartment. Our
second goal was to investigate the capacity of dynamic pressure
loading of the intramedullary compartment to increase IFF
within the lacunocanalicular system. This was achieved using a
novel application of fluorescence recovery after photobleaching
(FRAP) in which we measured fluorescence recovery after
photobleaching of fluorescein within individual lacunae in the
presence of pressure loading. Finally, our third goal was to
investigate the potential for pressure loading, in the absence of
osteogenic strains, to induce skeletal adaptation in hindlimb
suspended mice.
Materials and Methods
Animals
Sixteen-week-old, skeletally mature C57BL/6J female mice
(Jackson Laboratory, Bar Harbor, ME, USA) were used for all
studies. In total, 15 mice were used: three for measurements of
strain, three for FRAP experiments, three for measurements of
ImP, and six for hindlimb suspension studies. Animals were
maintained on a 12/12hour light/dark cycle and had ad libitum
accesstostandardlaboratoryrodentchowandwateratalltimes.
All mice were acclimated for at least 1 week prior to
experimentation. All procedures were performed in accordance
with the guidelines of the Institutional Animal Care and Use
Committee (IACUC) at the La Jolla Bioengineering Institute.
Microfluidic system and catheter implantation
Intramedullary pressure and skeletal IFF were modulated via a
saline-filled catheter inserted into the femoral intramedullary
cavity and coupled externally to a microfluidic syringe pump
(Fig. 1A). For cannulation, the animals were anesthetized by
intraperitoneal (i.p.) administration of ketamine (90mg/kg) and
xylazine (10mg/kg). A small incision was made on the ventral
surface of the hindlimb, and the femoral quadriceps muscles
were slightly separated to expose the medial aspect of the distal
femur. A small hole was drilled through the cortex into the
intramedullary cavity on the medial aspect of the distal femur
using a steel burr (O.D. 0.5mm; Fine Science Tools, Heidelberg,
Germany) and a high-speed microdrill (Fine Science Tools)
(Fig. 1B–D). A saline-filled polyethylene catheter (Intramedic
PE-10, OD 0.61mm, ID 0.28mm; Becton Dickinson, Sparks, MD,
USA) was fed through the hole and routed up the intramedullary
cavity such that the catheter tip was approximately 1mm distal
to the midpoint of the lesser trochanter. The hole was drilled
Fig. 1. Microfluidic system for modulating ImP and IFF in alert mice.
(A) Intramedullary pressure was enhanced by a saline-filled catheter
surgically inserted into the femoral intramedullary cavity and coupled
to an external microfluidic syringe pump. (B) mCT reconstruction of a
whole femur from a cannulated mouse. In this case, the femur was
harvested and the catheter removed. The drill hole where the catheter
entered the intramedullary cavity is circled. A femur before and after
cannulation can be seen in C and D, respectively.
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diameter of the catheter, resulting in a press-fit mating of the
catheter with the cortical bone. The free end of the catheter was
routed subcutaneously to the shoulder blades, passed through
the skin (for future coupling to the syringe pump), and capped
with a stainless steel tubing plug. The external catheter end was
protected by outfitting the mouse with an infusion harness
(Instech Solomon, Plymouth Meeting, PA, USA) and housing the
free catheter end within the access port. The surgery was
repeated on the contralateral limb to serve as a sham control. In
this case, the free end of the catheter was tied off tightly and
remained subcutaneous for the duration of the experiment. To
alleviate discomfort/inflammation, analgesia was administered
aftersurgery (meloxicam,5mg/kg, i.p.). Tominimizepotential for
infection, animals received trimethoprim-sulfamethoxazole oral
suspension in their water supply (0.2/0.04mg/mL of H2O) for the
duration of the experiment. Following surgery, all cannulated
animals were ambulating normally within 24 hours. To generate
dynamic ImP/IFF, the external portion of the catheter was
connected to a custom syringe pump consisting of a Hamilton
glass syringe mounted in a loading frame driven by a computer-
controlled linear stepper motor (Anaheim Automation, Anaheim,
CA, USA). For all studies, an oscillatory flow profile ( 5Hz) with a
peak pump flow rate of approximately 10mL/s was used. This
resulted in a pump stroke displacement (1mL) that was
approximately 10% of the volume of the intramedullary
cavity.
(21) Animals did not show a distress reaction to pressure
loading, and postmortem examination 3 to 10 days following
surgery revealed no leakage at the drill hole both in the absence
and in the presence of pressure loading.
Measurement of intramedullary pressure
A telemetric pressure transducer (PA-C10; Data Sciences
International, St. Paul, MN, USA) was implanted to measure
ImP during pressure loading, as described previously.
(24,31)
Following cannulation in one limb, a second hole was bored into
the intramedullary cavity on the medial aspect of the femur at
approximately the mid-diaphysis. The catheter tip of the
transducer was inserted into the intramedullary cavity, and
the transducer body was positioned subcutaneously outside the
peritoneal cavity. Pressure measurements were made in the
absence/presence of pressure loading using a 40Hz lowpass
filter and a sampling frequency rate of 500Hz. For each pressure
trace, the mean and peak-to-peak (2pRMSH2, where pRMS is the
root mean square of the pressure) intramedullary pressures were
foundfollowingequilibrationofthetrace.Spectralanalysisofthe
pressure trace was performed using a fast Fourier transform.
Strain measurements
To measure longitudinal strain on the periosteal surface during
pressure loading, femurs were immediately harvested from mice
euthanized 7 days after cannulation (sodium pentobarbital,
120mg/kg, i.p.). For each femur, the surrounding tissue was
carefully removed (leaving the periosteum intact), and a single-
element strain gauge (EA-06-015DJ-120; Vishay, Malvern, PA,
USA) was bonded (M-Bond 200, Vishay) to the surface of the
posterior femur approximately at the mid-diaphysis. Strains were
recorded at 10,000Hz using a digital acquisition system (System
6000; Vishay) in the absence and the presence of pressure
loading. Spectral analysis was performed using a fast Fourier
transform.
Ex vivo measurements of lacunar FRAP
To investigate whether pressure loading enhanced cortical IFF at
the lesser trochanter, we performed ex vivo measurements of
fluorescence recovery afterphotobleaching (FRAP)offluorescein
within individuallacunae.
(32,33)Sevendays followingcannulation
in one limb, mice were administered 100mg/kg of disodium
fluorescein dissolved in PBS (tail vein). Following a 45minute
equilibration period, the mice were euthanized (sodium
pentobarbital, 120mg/kg, i.p.). The cannulated femur was
quickly harvested, and tissue surrounding the femur was
carefully removed, leaving the periosteum intact. The femur
was clamped within a dish filled with PBS warmed to 378C and
positioned under a confocal laser scanning microscope (LSM 5
Pascal; Carl Zeiss Inc., Thornwood, NY, USA) equipped with a
40  water immersion objective (NA¼0.8) and a 14mW Argon
laser with 488nm excitation (505 to 600nm bandpass filter).
Lacunae were imaged on the anterior aspect of the femur at the
location along the femur length corresponding to the midpoint
of the lesser trochanter. The image plane was adjusted such that
the lacunae were within approximately 30mm of the periosteal
surface. A single lacuna was selected and photobleached by
focusing the scan area on the lacuna (approximately 10  zoom)
and scanning for 1 second with the acousto-optical tunable filter
set to 100% transmission. Whole-field images (512 512 pixels)
were obtained using  1 zoom with the acousto-optical tunable
filter set to 4% transmission. These images were acquired
immediately before photobleaching and immediately following
photobleaching for 2 minutes every 30 seconds. All images were
obtained within 1 hour of the harvesting procedure to minimize
effects of cell death.
(32) For analysis, a region of interest outlining
the photobleached lacuna was traced manually, and the mean
intensity within the region was found at each time point. The
logarithmic recovery ratio ln{[I0 – I(t)]/[I0 – Ib]} was computed
(Fig. 3), where I(t) is the lacunar intensity at time t following
photobleaching, I0 is the prebleach lacunar intensity, and Ib is
the lacunar intensity immediately following photobleaching
[ie, Ib¼I(0)]. The characteristic recovery time was computed as
the negative inverse of the slope of the best-fit line,
(33) that is, as
 
t
T
¼ ln
I0   IðtÞ
I0   Ib

:
For each lacuna, three image sequences were obtained using
the pressure loading scheme: no load, load, no load. The
characteristic recovery time was calculated for each image
sequence. The no-load recovery time was taken to be the
minimum of the recovery times found from the two no-load
image sequences acquired before and after pressure loading.
This procedure was chosen to minimize the potential for
reductions in recovery times during pressure loading arising
from artifacts associated with imaging order, such as irreversible
photobleaching.
(33)
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Animals were hindlimb suspended as described previously.
(24,31)
Seventy two hours following cannulation, mice were hindlimb
suspended for 7 days and subjected to pressure loading each
day for 3 minutes per day. Sterile doses of calcein (10mg/kg)
and alizarin red (30mg/kg) were administered subcutaneously
48 hours prior to the initiation and termination of hindlimb
suspension/pressure loading, respectively. In vivo bone mineral
density (BMD) measurements were obtained using a peripheral
quantitative computed tomography (pQCT) scanner (XCT
Research SAþ, Stratec, Birkenfeld, Germany; voxel size
0.1 0.1 0.18mm) as described previously.
(24) For each animal,
scans were performed 7 days prior to and at the conclusion of
hindlimb suspension. For each limb, an approximately 0.36-mm-
thick transverse section at the proximal region of the lesser
trochanter and a 0.18-mm-thick transverse section at the mid-
diaphysis were obtained for analysis. The image data were post-
processed semi-automatically to determine trabecular and total
BMD as described previously.
(24) At the conclusion of the studies,
the animals were euthanized (sodium pentobarbital, 120mg/kg,
i.p.), and the femurs were harvested, fixed in 70% ethanol, and
embedded in methyl methacrylate. Embedded femurs were
scanned using a micro–computed tomography (mCT) scanner
(eXplore Locus, GE Healthcare, Waukesha, WI, USA; voxel size
20 20 20mm). A 0.5-mm-thick transverse section at the
proximal region of the lesser trochanter and a 0.4-mm-thick
transverse section at the mid-diaphysis were used for mCT
analyses. For measurements of trabecular structure, a 1-mm-
diameter cylindrical region of interest within the trabecular
compartment was used. The bone was segmented, and the
trabecular volume fraction, thickness, and number were
calculated automatically using the free image analysis program
MicroView (GE Healthcare).
(34) Cortical thickness at the lesser
trochanter was found by manually tracing the length from the
endosteal to the periosteal surface at the midpoint of the
lateroanterior aspect. This aspect was chosen because it was
relatively flat compared with other aspects. Cortical thickness at
the mid-diaphysis was found by manually tracing the endosteal
and periosteal perimeters and computing the difference of the
effective periosteal and endosteal radii. For measurements of
cortical thickness at the lesser trochanter and mid-diaphysis,
measurements from the top, middle, and bottom image of each
image stack were averaged for each transverse section.
Following mCT scanning, embedded femurs were processed
for analysis of fluorochrome labels by making a transverse cut at
the midpoint of the lesser trochanter using a low-speed
diamond-bladed saw (Buehler, Lake Bluff, IL, USA). The cut
surface of the embedded bone was polished, and the surface
was imaged using a confocal laser scanning microscope. Total
perimeter, single label perimeter, double label perimeter, and
double label area were traced manually. From these primary
data, mineralizing surface per unit bone surface area (MS/BS),
mineral apposition rate (MAR), and bone formation rate per unit
bone surface area (BFR/BS) were calculated using standardized
histomorphometric methods.
(35)
Statistical analysis
All differences between pressure-loaded bones (‘‘load’’) and
sham controls (‘‘no load’’) were compared using a paired t test
Fig. 2. Microfluidic generation of intramedullary pressure does not
induce significant tissue strain. (A) Representative traces of intramedul-
larypressurebefore(red),during(black),andafter(blue)pressureloading.
(B) Measurements of periosteal strain during pressure loading (black) and
bending (red). No detectable strain was generated during pressure
loading, whereas strains of approximately 10me were readily observed
during bending. (C) Spectral analysis of intramedullary pressure (black)
and periosteal strain (red) during pressure loading. A large peak at 5Hz
and smaller second harmonic peaks at 10 and 15Hz were detected
during measurements of pressure but not strain.
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(p<.05 was considered statistically significant).
Results
Dynamic pressure loading increased ImP and significantly
enhanced lacunocanalicular IFF in the absence of significant
matrix strain. Telemetric pressure measurements revealed
that pressure loading increased both mean (no load:
16.3 3.6mmHg; load: 50.3 8.3mmHg; n¼3) and peak-to-
peak (no load: 4.1 0.6mmHg; load: 117.0 67.1mmHg; n¼3)
ImP (Fig. 2A). Spectral analysis revealed a maximal peak at
approximately 5Hz (Fig. 2C). During ex vivo measurements of
periosteal strain (n¼3 femurs), no increase in strain could be
detected in response to pressure loading (Fig. 2B), and spectral
analysis did not show a peak at 5Hz (Fig. 2C). When we bonded
(gauge side up) one of the femurs that did not exhibit detectable
strain under pressure loading to an aluminum cantilever
(base¼19mm; height¼9.5mm; E¼70GPa) and applied a
bending moment (0.25N m), we observed strains ( 10me)
similar to those predicted to occur if the bending resistance of
the bone was considered negligible (12.5me). This indicates that
the lack of response was not due to faulty gauges and/or
inadequate bonding of the gauges to the bone surface. During
ex vivo measurements of FRAP, logarithmic recovery ratios
decreased with time in a generally linear manner both in the
presence and in the absence of pressure loading (Fig. 3).
Characteristic recovery times were reduced significantly in
response to pressure loading (no load: 107.7 17.0s; load:
85.5 11.4s; n¼8 lacunae measured from three separate
experiments; p¼.02).
In hindlimb suspended mice, pressure loading for 3 minutes
per day resulted in a significant adaptive response. Decreases in
trabecular BMD at the lesser trochanter were significantly
eliminated by pressure loading (no load:  16.5 8.0%; load:
6.5 11.4%; n¼6; p¼.02), as assessed by in vivo pQCT (Fig. 4).
Similar trends were observed in cortical (no load:  3.8 0.2%;
load: 2.6 0.2%; n¼6; p<.01) and total BMD (no load:
 5.3 2.2%; load: 2.8 2.2%; n¼6; p<.01). mCT analysis at
the lesser trochanter revealed that pressure loading significantly
increased trabecular bone volume fraction (no load: 26.9 1.0%;
load: 31.4 1.2%; n¼6; p¼.03) and trabecular thickness (no
load: 60.1 2.8mm; load: 73.0 1.2mm; n¼6; p<.01) but not
trabecular number (no load: 4.5 0.3; load: 4.3 0.1; n¼6;
p¼.46) (Fig. 5A–C). Pressure loading also significantly increased
cortical thickness at the lesser trochanter (no load: 130.7 
4.9mm; load: 147.0 4.6mm; n¼6; p¼.01) (Fig. 5D). Analyses of
fluorochrome labels revealed differential adaptation of the
endosteal (i.e., endocortical and trabecular) surface to pressure
loading relative to the periosteal surface. On the endosteal
surface, pressure loading increased BFR/BS significantly (no
Fig. 3. Intramedullary pressureloadingenhancesfluorescencerecoveryafterphotobleachingof fluorescein withinperiosteallacunae.(A) Confocalimage
offluoresceinlocalizedto lacunae.Lacunaewereapproximately 30mmfromtheperiostealsurface.(B)Logarithmicrecoveryratiosas afunctionoftimefor
the lacuna circled in A in the absence (solid lines with squares) and presence (solid line with circles) of pressure loading in a single experiment. Linear fits of
experimental data are indicated by dotted lines. Characteristic recovery times were found as the negative inverse of the best-fit lines. Pressure loading
enhanced recovery, as indicated by a decreased slope during pressure loading. (C) Pseudo–colored image sequence of lacuna circled in A in the absence
(top) and presence (bottom) of pressure loading. Enhanced FRAP during loading is apparent by 30 seconds.
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3/mm
2/year; load: 55.4 10.2mm
3/mm2/year;
n¼6; p¼.03) and MAR (no load: 0.15 0.04mm/day; load:
0.60 0.04mm/day, n¼6; p¼.01) but not MS/BS (no load:
26.9 5.7%; load: 26.0 3.0%; n¼6; p¼.87) (Fig. 6). On the
periosteal surface, no significant differences in MS/BS (no load:
17.7 4.4%; load: 13.1 3.8%; n¼6; p¼.47), MAR (no load:
0.10 0.05mm/day; load: 0.09 0.06mm/day; n¼6; p¼.95), or
BFR/BS (no load: 9.7 6.0mm
3/mm2/year; load: 2.7 1.5mm
3/
mm
2/year; n¼6; p¼.35) were observed. At the mid-diaphysis,
pressure loading resulted in a significant increase in cortical
thickness (no load: 198.9 3.3mm; load: 205.2 3.3mm; n¼6;
p<.01)andincreasedtotalBMD inamannerthat nearlyreached
statistical significance (no load: 3.6 1.5%; load: 9.4 2.1%;
n¼6; p¼.056).
Discussion
In this study we developed a novel model for the microfluidic
generation of dynamic ImP/IFF within the femurs of alert mice.
The model allows for the examination of both cortical and
trabecular adaptation in response to dynamic ImP/IFF under
conditions of normal ambulation or unloading (eg, hindlimb
suspension), making it a valuable tool to investigate the
anabolic/anti-resorptive potential of IFF and its role in regulating
skeletal mechanotransduction. In addition, the capacity to
generate dynamic ImP and skeletal IFF within mice makes it a
powerful investigative tool to examine specific molecular
mechanisms regulating IFF-induced adaptation, particularly
given the number of modalities for manipulating the mouse
genome, as well as preexisting inbred mouse strains with
characterized differences in mechanosensitivity.
(27)
Pressure loading significantly reduced characteristic fluores-
cence recovery times within individual lacunae, indicating
increased solute transport owing to convection within the
0
20
40
60
80
100
T
R
A
B
E
C
U
L
A
R
 
T
H
I
C
K
N
E
S
S
 
(
μ
m
)
b
NO LOAD LOAD
0
5
10
15
20
25
30
35
40 AB
D C
NO LOAD LOAD
T
R
A
B
E
C
U
L
A
R
V
O
L
U
M
E
 
F
R
A
C
T
I
O
N
 
(
%
)
a
0
50
100
150
200
C
O
R
T
I
C
A
L
 
T
H
I
C
K
N
E
S
S
 
(
μ
m
)
a
NO LOAD LOAD
0
1
2
3
4
5
6
7
T
R
A
B
E
C
U
L
A
R
 
N
U
M
B
E
R
 
(
n
o
 
u
n
i
t
s
)
NO LOAD LOAD
Fig. 5. Pressure loading significantly increases trabecular bone volume fraction (A) and trabecular thickness (B) but not trabecular number (C). Pressure
loading also increased trochanteric cortical thickness (D).
ap<.05.
bp<.01.
Fig. 4. Pressure loading for 3 minutes per day significantly eliminates
decreases in trabecular, cortical, and total BMD in mice subjected to
hindlimb suspension for 7 days. BMD measurements were obtained in
vivo via pQCT before and after hindlimb suspension.
ap<.05.
bp<.01.
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(33,36) The capacity for dynamic ImP to
enhance cortical IFF is consistent with previous investigations
demonstrating intramedullary pressurization-induced transcor-
tical streaming potentials in isolated turkey ulnas
(6) and
increased transport of albumen in response to venous
ligation–induced increases in static ImP.
(31) The 26% decrease
in recovery time during pressure loading was similar to the
decrease observed during mechanical loading of the knee
( 24%),
(33) suggesting that the levels of lacunocanalicular IFF
generated bypressureloading inourstudyalsomaybeachieved
by mechanical loading via a modality that has been shown
previously to induce a significant adaptive response.
(33)
During ex vivo measurements of periosteal strain, pressuriza-
tion within the skeletal interstitial fluid spaces did not result in a
significant amount of tissue deformation (<10me). These
findings are in agreement with theoretical treatments that have
predicted tissue strains of approximately 0.1 to 1me in response
to interstitial fluid pressures of 100mmHg.
(21) Importantly, these
strains are far below the strains associated with habitual activity
in animals and humans ( 100 to 1000me)
(37) and, for similar
frequencies used in our studies, much less than the strains at
which skeletal adaptation occurs in mice in response to loading-
induced bending ( 1000me).
(38) This suggests that any adaptive
responses induced by microfluidic pressure loading are
attributable to effects associated with dynamic ImP/IFF rather
than tissue deformation.
We found that dynamic ImP/IFF, in the presence of strains
substantially less than those shown to be osteogenic, potently
induces an adaptive response in trabecular and cortical bone. At
the lesser trochanter, pressure loading for 3 minutes per day
significantly increased BMD, trabecular volume fraction, and
trabecular/cortical thickness. Pressure loading also resulted in a
significant increase in cortical thickness at the mid-diaphysis,
indicating that adaptation to dynamic ImP/IFF could occur
relatively far from the catheter tip. Given that there were no net
losses in BMD in control limbs at the mid-diaphysis, these data
also indicate that adaptation could occur at a site that was
relatively resistant to bone loss induced by hindlimb suspension.
Itisimportanttonotethatinpreliminaryinvestigationswefound
that cannulated animals allowed to ambulate normally showed
relatively mild decreases or net increases in trabecular BMD
(<10% decrease to 1% increase; data not shown), suggesting
that although some losses in trochanteric BMD in hindlimb
suspended mice may be attributable to effects associated with
the surgical procedure, they were also attributable to hindlimb
suspension.
Our data indicating a protective effect of pressure loading in
hindlimb suspended mice corroborate previous findings
demonstrating the capacity for dynamic intramedullary pressur-
ization to inhibit bone loss induced by functional isolation in the
turkey ulna osteotomy model
(21) and suggest the potential for
dynamic ImP/IFF to protect against multiple mechanisms driving
unloading-induced bone loss. In particular, given the mechanical
and biochemical differences that result from hindlimb suspen-
sionandfunctionalisolationintheturkeyulnaosteotomymodel,
it has been postulated that different mechanisms may be driving
bone loss in these two models.
(31) For example, while functional
isolation in the turkey ulna osteotomy model has been shown to
result in hypoxic osteocytes,
(39,40) this has not been found to
occur in hindlimb suspended mice,
(31) suggesting that dynamic
ImP/IFF can protect against bone loss via a mechanism that does
not involve disuse-induced hypoxia. In addition, while the turkey
ulna osteotomy and hindlimb suspension models both result in
isolation from external mechanical loads, hindlimb suspension
additionally results in a cephalic fluid shift that mimics the shift
believed to be driving many of the physiologic changes that
occur during space flight, including alterations in skeletal
Fig. 6. Pressure loading significantly increases bone formation rate per
unit bone surface area (BFR/BS) (A) and mineral apposition rate (MAR) (B)
on endosteal but not periosteal surfaces. No significant effect of pressure
loading on the percentage of mineralizing surface (MS/BS) (C) was
observed on either the endosteal or periosteal surface.
ap<.05.
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(41) Thus these data also suggest that dynamic ImP/
IFF can protect against bone loss in the presence of a cephalic
fluid shift similar to the shift that occurs in microgravity.
A valuable feature of this model is that it allows for the effects
of dynamic ImP/IFF on both cortical and trabecular bone to be
compared within the same bone, making it ideal to investigate
potential mechanistic differences in cortical and trabecular
adaptation to loading-induced IFF.
(42) Indeed, while the capacity
for dynamic ImP/IFF to induce cortical adaptation has been
demonstrated previously,
(21) this study provides the first
characterization of the adaptive response of trabecular bone
to this stimulus. Our data indicate that trochanteric trabecular
bone readily responds to pressure loading. Interestingly, there
was a greater loss of trochanteric trabecular versus cortical BMD
in control limbs and a greater recovery in pressure-loaded limbs,
indicating a higher sensitivity of trabecular bone to hindlimb
suspension and pressure loading. This may be due to the larger
surface area of trabecular bone, which allows for more rapid
resorption/formation.Alternatively,thisdifferencemaybedueto
differential sensitivity of bone cells within cortical and trabecular
bone to mechanical loading-induced IFF. For example, owing to
differences in local blood supply, it has been put forth that cells
within individual trabeculae may have a greater reliance on
transport of nutrients via loading-induced IFF relative to those
within cortical bone.
(42)
Histomorphometric analyses revealed that IFF-induced adap-
tationwasconfinedtotheendostealsurface,suggestingthatthis
surface was exposed to higher levels of IFF and/or a biochemical
environment that was more conducive to respond to pressure
loading. For example, MS/BS, MAR, and BFR/BS in control limbs
were lower on the periosteal surface, suggesting this surface had
lower baseline osteogenic activity and thus less potential to
respond to IFF. In addition, given that pressurization was
achieved through a focused fluid displacement at the catheter
tip, pressure loading likely generated substantial IFF within the
marrow cavity tangential to the long axis of the bone, exposing
endosteal cells to fluid shear stresses mirroring those shown to
stimulate bone cells within parallel plate flow chambers.
(9–15,43–
45) Interestingly, Qin and colleagues demonstrated significant
periosteal bone formation and a correlation between sites of
apposition and apparent transcortical pressure gradient in
pressure-loaded turkey ulnas.
(21) We did not observe such a
correlation (data not shown), suggesting that in generating
lacunocanalicular IFF,the preferred fluid pathwaywasnot strictly
radial. Thus the capacity for dynamic pressure loading to
generate IFF in a manner that correlates with transcortical
pressure gradient may depend on loading profile and/or the
microstructural characteristics of the skeletal fluid spaces
particular to a given organism and/or anatomic site. For
example, unlike mice, mature turkey bone contains osteons
(46)
and the interconnected fluid spaces associated with these
structures,
(47) which may facilitate transcortical IFF in response to
intramedullary pressurization.
Our data are consistent with a role for increases in ImP/IFF
arising from volumetric changes in the intramedullary cavity
(6)
and/or interactive effects between muscle activity and capillary
filtration in bone tissue
(7,8) in mediating skeletal mechanotrans-
duction. Estimates of ImP during osteogenic mechanical stimuli
in mice have yet to be attained, but the peak pressures
generated in this study were of the same order of magnitude as
those found previously to be generated in vitro in sheep tibia
(up to 300mmHg in response to a load of 2000N over
0.15 second)
(48) and excised human femurs (93.5mmHg in
response to a load of 980N over 0.03 second)
(49) during
simulatedimpact.Inaddition,theyweresimilartointramedullary
pressures measured in step-loaded turkey ulnas (65mmHg)
(6) in
response to relatively low strains (600me). Although the peak
pressures generated in this study may be considered physiologic
in that they resemble those generated during impact or step
compression, the ImP/IFF profiles imposed differ greatly from
those expected to occur during ambulation both in magnitude
and in duration. Thus it is difficult to assess whether decreased
IFF was responsible for the reduction in BMD that occurred in
control limbs during hindlimb suspension. For example,
although the mice were exposed to pressure loading for only
3 minutes per day (as opposed to the continuous exposure of
elevated ImP/IFF during ambulation), the peak pressures were
much higher than the reduction in ImP (3mmHg)
(31) that occurs
during hindlimb suspension.
It has been widely hypothesized that skeletal adaptation to
mechanical loading is mediated by bone cell mechanotransduc-
tion of interstitial fluid shear stresses.
(37,50,51) Thus it is useful to
obtain an order-of-magnitude estimate for the shear stresses
generated during pressure loading by approximating the
lacunocanalicular IFF velocities driving observed changes in
FRAP. Zhou and colleagues recently demonstrated that the
capacity for dynamicIFF toenhancelacunar FRAP isgoverned by
displacement of the solute during oscillatory flow and whether
this displacement equals or exceeds the canalicular length
betweenneighboringlacunae.
(36)This implies thatinour studies,
for a decrease in FRAP to be observed during pressure loading,
the unbleached solute likely traveled at least the entire
canalicular length between neighboring lacunae ( 10mm)
(32)
every 0.1 second (assuming a period of 0.2 second for a full
oscillatory cycle). In this case, we estimate a lower bound
for the canalicular IFF velocities of approximately 10mm/
0.1s¼100mm/s. By approximating the flow profile through a
single canaliculus as Stokes flow through an annulus
(50) and
assuming a fluid viscosity of0.001Pa   s, a canalicular diameter of
approximately 300nm,
(52) and an osteocyte process diameter of
approximately 100nm,
(52) we estimate that the canalicular shear
stresses were, at a minimum, on the order of approximately 1Pa.
This analysis suggests that an adaptive response, in the absence
of osteogenic strains, occurred in the presence of interstitial fluid
shear stresses that have been widely demonstrated to induce
osteogenic and antiresorptive responses in bone cells in
vitro
(11,14–16) and which have been predicted to occur under
habitual loading.
(37)
One question regarding our studies is whether pressure rather
than interstitial fluid flow may have been the physical signal
driving skeletal adaptation. In vitro, pressure has been
demonstrated to promote bone formation and inhibit resorption
through regulating osteoblasts,
(53–55) osteocytes,
(56) and marrow
cells.
(57,58) However, it is important to note that these studies
were conducted using significantly greater pressures (approxi-
mately three- to several hundred–fold greater) or, in the case of
MICROFLUIDIC GENERATION OF DYNAMIC IMP/IFF IN MICE Journal of Bone and Mineral Research 1805Roelofsen and colleagues,
(55) much longer loading durations
(twenty-fold greater) than those used in our studies. Importantly,
in vitro studies investigating the dependence of peak pressure
magnitude and loading duration on the capacity of bone cells to
respond to pressure suggest that they may be unable to respond
to the pressure profile used in this study (ie, peak pressures of
approximately 100mmHg for 3min/day). For example, increases
in intracellular Ca
2þ concentration after approximately 1 minute
of cyclic pressurization was shown to occur in bone cells
exposed to 258mmHg but not 129mmHg.
(59) In addition, cyclic
pressurization with a peak pressure of 300mmHg was found to
affectosteoblastproliferationafterloadingfor1hourperdaybut
not 20 minutes per day.
(54) Taken together, these data suggest
that dynamic IFF rather than pressure was the primary factor
driving skeletal adaptation in our studies.
Several important limitations need to be considered when
interpreting our findings. First, measurements of lacunar FRAP
were obtained ex vivo in harvested femurs, and it is unclear
whether the pathways for IFF in response to pressure loading
differ substantially exvivocomparedtothose invivo.However,it
is important to note that several precautions were taken to
minimize the effect of the harvesting procedure on IFF, including
performing all imaging studies within 1 hour of animal sacrifice
(to minimize cell death) and leaving the periosteum intact.
Second, it is possible that cannulation resulted in a significant
inflammatory response, particularly given that the catheter was
relatively near or at the sites of analysis. It is unknown whether
this inflammatory response was necessary for ImP/IFF-induced
adaptation in pressure-loaded limbs to occur or enhanced this
process.Inflammatoryresponsesassociatedwithcannulationare
an inherent limitation in our study, but the confounding effects
of inflammation were controlled in part by comparing pressure-
loaded limbs with sham-operated controls.
In summary, we have developed a novel model for the
microfluidic generation of dynamic ImP/IFF within the femurs of
alert mice. Ex vivo FRAP investigations revealed that pressure
loading of the intramedullary compartment significantly enhanced
IFF within the lacunocanalicular system. In addition, pressure
loading for 3 minutes per day eliminated losses in BMD in
hindlimb-suspended mice, significantly increased indices of
cortical and trabecular structure, and increased the rate of
endostealbone formation. This model provides aunique capability
to dynamically and directly modulate IFF in alert mice in the
absence of significant tissue strain. Byallowing the investigation of
skeletal adaptation to pressure loading in transgenic or knockout
mice, it is expected that this model will greatly facilitate the
elucidation of specific cellular and molecular mechanisms
regulating adaptation to skeletal fluid flow in vivo.
Disclosures
All the authors state that they have no conflicts of interest.
Acknowledgments
This work was supported by a grant (R01 AR046797 to JAF) and a
Ruth L. Kirschstein NRSA Postdoctoral Fellowship (F32 AR056934
to RYK) from the National Institutes of Health.
References
1. Sugiyama T, Saxon LK, Zaman G, et al. Mechanical loading enhances
the anabolic effects of intermittent parathyroid hormone (1-34) on
trabecular and cortical bone in mice. Bone. 2008;43:238–248.
2. Piekarski K, Munro M. Transport mechanism operating between
blood supply and osteocytes in long bones. Nature. 1977;269:
80–82.
3. Knothe Tate ML, Steck R, Forwood MR, Niederer P. In vivo demon-
stration of load-induced fluid flow in the rat tibia and its potential
implications for processes associated with functional adaptation.
J Exp Biol. 2000;203:2737–2745.
4. GurkanUA,AkkusO.Themechanicalenvironmentofbonemarrow:a
review. Ann Biomed Eng. 2008;36:1978–1991.
5. Hillsley MV, Frangos JA. Bone tissue engineering: the role of inter-
stitial fluid flow. Biotechnol Bioeng. 1994;43:573–581.
6. Qin YX, Lin W, Rubin C. The pathway of bone fluid flow as defined by
in vivo intramedullary pressure and streaming potential measure-
ments. Ann Biomed Eng. 2002;30:693–702.
7. Qin YX, Lam H. Intramedullary pressure and matrix strain induced by
oscillatoryskeletalmusclestimulationanditspotentialin adaptation.
J Biomech. 2009;42:140–145.
8. Caulkins C, Ebramzadeh E, Winet H. Skeletal muscle contractions
uncoupled from gravitational loading directly increase cortical bone
blood flow rates in vivo. J Orthop Res. 2009;27:651–656.
9. Reich KM, Frangos JA. Effect of flow on prostaglandin-E2 and inositol
trisphosphate levels in osteoblasts. Am J Physiol. 1991;261:C428–
C432.
10. Johnson DL, McAllister TN, Frangos JA. Fluid flow stimulates rapid
and continuous release of nitric oxide in osteoblasts. Am J Physiol
Endocrinol Metab. 1996;271:E205–E208.
11. Malone AM, Anderson CT, Tummala P, et al. Primary cilia mediate
mechanosensing in bone cells by a calcium-independent mechan-
ism. Proc Natl Acad Sci USA. 2007;104:13325–13330.
12. Chen NX, Ryder KD, Pavalko FM, et al. Ca2þ regulates fluid shear-
induced cytoskeletal reorganization and gene expression in osteo-
blasts. Am J Physiol Cell Physiol. 2000;278:C989–C997.
13. Owan I, Burr DB, Turner CH, et al. Mechanotransduction in bone:
osteoblasts are more responsive to fluid forces than mechanical
strain. Am J Physiol Cell Physiol. 1997;273:C810–C815.
14. Reich KM, Gay CV, Frangos JA. Fluid shear stress as a mediator of
osteoblast cyclic adenosine monophosphate production. J Cell Phy-
siol. 1990;143:100–104.
15. You J, Reilly GC, Zhen XC, et al. Osteopontin gene regulation by
oscillatory fluid flow via intracellular calcium mobilization and activa-
tion of mitogen-activated protein kinase in MC3T3-E1 osteoblasts.
J Biol Chem. 2001;276:13365–13371.
16. You L, Temiyasathit S, Lee P, et al. Osteocytes as mechanosensors in
the inhibition of resorption due to mechanical loading. Bone.
2008;42:172–179.
17. Djien Tan S, de Vries TJ, Kuijpers-Jagtman AM, Semeins CM, Everts V,
Klein-Nulend J. Osteocytes subjected to fluid flow inhibit osteoclast
formation and bone resorption. Bone. 2007;41:745–751.
18. Vezeridis PS, Semeins CM, Chen Q, Klein-Nulend J. Osteocytes sub-
jected to pulsating fluid flow regulate osteoblast proliferation and
differentiation. BiochemBiophys Res Commun.2006;348:1082–1088.
19. Jiang GL, White CR, Stevens HY, Frangos JA. Temporal gradients in
shear stimulate osteoblastic proliferation via ERK 1/2 and retinoblas-
toma protein. Am J Physiol Endocrinol Metab. 2002;283:E383–
389.
20. McAllister TN, Du T, Frangos JA. Fluid shear stress stimulates pros-
taglandin and nitric oxide release in bone marrow-derived preos-
teoclast-like cells. Biochem Biophys Res Commun. 2000;270:643–
648.
1806 Journal of Bone and Mineral Research KWON ET AL.21. Qin YX, Kaplan T, Saldanha A, Rubin C. Fluid pressure gradients,
arising from oscillations in intramedullary pressure, is correlated with
the formation of bone and inhibition of intracortical porosity.
J Biomech. 2003;36:1427–1437.
22. Kelly PJ, Bronk JT. Venous pressure and bone formation. Microvasc
Res. 1990;39:364–375.
23. Zhang P, Tanaka M, Jiang H, Su M, Yokota H. Diaphyseal bone
formation in murine tibiae in response to knee loading. J Appl
Physiol. 2006;100:1452–1459.
24. Stevens HY, Meays DR, Yeh J, Bjursten LM, Frangos JA. COX-2 is
necessary for venous ligation-mediated bone adaptation in mice.
Bone. 2006;38:93–104.
25. Bergula AP, Huang W, Frangos JA. Femoral vein ligation increases
bone mass in the hindlimb suspended rat. Bone. 1999;24:171–
177.
26. Turner RT, Maran A, Lotinun S, et al. Animal models for osteoporosis.
Rev Endocr Metab Disord. 2001;2:117–127.
27. Robling AG, Turner CH. Mechanotransduction in bone: genetic
effects on mechanosensitivity in mice. Bone. 2002;31:562–569.
28. Robling AG, Warden SJ, Shultz KL, Beamer WG, Turner CH. Genetic
effects on bone mechanotransduction in congenic mice harboring
bone size and strength quantitative trait loci. J Bone Miner Res.
2007;22:984–991.
29. Robling AG, Burr DB, Turner CH. Skeletal loading in animals.
J Musculoskelet Neuronal Interact. 2001;1:249–262.
30. Aguirre JI, Plotkin LI, Stewart SA, et al. Osteocyte apoptosis is induced
by weightlessness in mice and precedes osteoclast recruitment and
bone loss. J Bone Miner Res. 2006;21:605–615.
31. Stevens HY, Meays DR, Frangos JA. Pressure gradients and transport
in the murine femur upon hindlimb suspension. Bone. 2006;39:565–
572.
32. Wang L, Wang Y, Han Y, et al. In situ measurementof solute transport
in the bone lacunar-canalicular system. Proc Natl Acad Sci USA. 2005;
102:11911–11916.
33. Su M, Jiang H, Zhang P, et al. Knee-loading modality drives molecular
transport in mouse femur. Ann Biomed Eng. 2006;34:1600–1606.
34. Tu Q, Zhang J, Paz J, Wade K, Yang P, Chen J. Haploinsufficiency of
Runx2 results in bone formation decrease and different BSP expres-
sion pattern changes in two transgenic mouse models. J Cell Physiol.
2008;217:40–47.
35. Parfitt AM, Drezner MK, Glorieux FH, et al. Bone histomorphometry:
standardization of nomenclature, symbols, and units. J Bone Miner
Res. 1987;2:595–610.
36. Zhou X, Novotny JE, Wang L. Modeling fluorescence recovery after
photobleaching in loaded bone: potential applications in measuring
fluid and solute transport in the osteocytic lacunar-canalicular
system. Ann Biomed Eng. 2008;36:1961–1977.
37. You L, Cowin SC, Schaffler MB, Weinbaum S. A model for strain
amplificationintheactincytoskeletonofosteocytesduetofluiddrag
on pericellular matrix. J Biomech. 2001;34:1375–1386.
38. Warden SJ, Turner CH. Mechanotransduction in cortical bone is most
efficient at loading frequencies of 5-10Hz. Bone. 2004;34:261–270.
39. Dodd JS, Raleigh JA, Gross TS. Osteocyte hypoxia: a novel mechan-
otransduction pathway. Am J Physiol Cell Physiol. 1999;277:C598–
C602.
40. Gross TS, Akeno N, Clemens TL, et al. Selected contribution: osteo-
cytes upregulate HIF-1 alpha in response to acute disuse and oxygen
deprivation. J Appl Physiol. 2001;90:2514–2519.
41. Colleran PN, Wilkerson MK, Bloomfield SA, Suva LJ, Turner RT, Delp
MD. Alterations in skeletal perfusion with simulated microgravity: a
possible mechanism for bone remodeling. J Appl Physiol. 2000;89:
1046–1054.
42. De Souza RL, Matsuura M, Eckstein F, Rawlinson SC, Lanyon LE,
Pitsillides AA. Non-invasive axial loading of mouse tibiae increases
cortical bone formation and modifies trabecular organization: a new
model to study cortical and cancellous compartments in a single
loaded element. Bone. 2005;37:810–818.
43. Malone AM, Batra NN, Shivaram G, et al. The role of the actin
cytoskeleton in oscillatory fluid flow-induced signaling in MC3T3-
E1 osteoblasts. Am J Physiol Cell Physiol. 2007;292:C1830–C1836.
44. Genetos DC, Geist DJ, Liu D, Donahue HJ, Duncan RL. Fluid shear-
induced ATP secretion mediates prostaglandin release in MC3T3-E1
osteoblasts. J Bone Miner Res. 2005;20:41–49.
45. Pavalko FM, Chen NX, Turner CH, et al. Fluid shear-induced mechan-
ical signaling in MC3T3-E1 osteoblasts requires cytoskeleton-integrin
interactions. Am J Physiol Cell Physiol. 1998;275:C1591–C1601.
46. Skedros JG, Hunt KJ, Hughes PE, Winet H. Ontogenetic and regional
morphologic variations in the turkey ulna diaphysis: implications for
functional adaptation of cortical bone. Anat Rec A Discov Mol Cell
Evol Biol. 2003;273:609–629.
47. Chen YS, Ramachandra C, Tewari SN. Structural differences in the
cortical bone of turkey tibia. J Mater Sci. 2004;39:207–214.
48. BryantJD.Theeffectofimpactonthemarrowpressureoflongbones
in vitro. J Biomech. 1983;16:659–665.
49. Downey DJ, Simkin PA, Taggart R. The effect of compressive loading
on intraosseous pressure in the femoral head in vitro. J Bone Joint
Surg. Am Vol. 1988;70:871–877.
50. Weinbaum S, Cowin SC, Zeng Y. A model for the excitation of
osteocytes by mechanical loading-induced bone fluid shear stresses.
J Biomech. 1994;27:339–360.
51. Knothe Tate ML. ‘‘Whither flows the fluid in bone?’’ An osteocyte’s
perspective. J Biomech. 2003;36:1409–1424.
52. You L, Weinbaum S, Cowin SC, Schaffler MB. Ultrastructure of the
osteocyte process and its pericellular matrix. Anat Rec A Discov Mol
Cell Evol Biol. 2004;278:505–513.
53. NagatomiJ,ArulanandamBP,MetzgerDW,MeunierA,BiziosR.Cyclic
pressure affects osteoblast functions pertinent to osteogenesis. Ann
Biomed Eng. 2003;31:917–923.
54. Nagatomi J, Arulanandam BP, Metzger DW, Meunier A, Bizios R.
Frequency- and duration-dependent effects of cyclic pressure on
select bone cell functions. Tissue Eng. 2001;7:717–728.
55. Roelofsen J, Klein-Nulend J, Burger EH. Mechanical stimulation by
intermittent hydrostatic compression promotes bone-specific gene
expression in vitro. J Biomech. 1995;28:1493–1503.
56. Takai E, Mauck RL, Hung CT, Guo XE. Osteocyte viability and regula-
tion of osteoblast function in a 3D trabecular bone explant under
dynamic hydrostatic pressure. J Bone Miner Res. 2004;19:1403–1410.
57. Nagatomi J, Arulanandam BP, Metzger DW, Meunier A, Bizios R.
Effects of cyclic pressure on bone marrow cell cultures. J Biomech
Eng. 2002;124:308–314.
58. Liu J, Zhao Z, Zou L, et al. Pressure-loaded MSCs during early
osteodifferentiation promote osteoclastogenesis by increase of
RANKL/OPG ratio. Ann Biomed Eng. 2009;37:794–802.
59. Brighton CT, Fisher Jr JRS, Levine SE, et al. The biochemical pathway
mediating the proliferative response of bone cells to a mechanical
stimulus. J Bone Joint Surg. Am Vol. 1996;78:1337–1347.
MICROFLUIDIC GENERATION OF DYNAMIC IMP/IFF IN MICE Journal of Bone and Mineral Research 1807